Free electrons in a polar liquid can form a bound state via interaction with the molecular environment. This so-called hydrated electron state in water is of fundamental importance, e.g., in cellular biology or radiation chemistry. Hydrated electrons are highly reactive radicals that can either directly interact with DNA or enzymes, or form highly excited hydrogen (H Ã ) after being captured by protons. Here, we investigate the formation of the hydrated electron in real-time employing extreme ultraviolet femtosecond pulses from a free electron laser, in this way observing the initial steps of the hydration process. Using timeresolved photoelectron spectroscopy we find formation timescales in the low picosecond range and resolve the prominent dynamics of forming excited hydrogen states.
The hydration of electrons in aqueous solutions plays a ubiquitous role in biological and chemical systems [1] [2] [3] and is of interest in atmospheric chemistry such as aerosol nucleation [4] . However, a fundamental understanding of the hydration properties has yet to be attained. In particular, the formation times, vertical binding energies (VBE), and binding motifs of the hydrated state are still under debate [5] [6] [7] [8] [9] . The hydrated electron is in a weakly bound state which can be ionized by UV radiation leading to a low kinetic energy, free electron, which is known to cause DNA damage [10, 11] . Furthermore, the hydrated electron is a highly reactive radical which undergoes various chemical reactions with its surroundings. Formation of excited hydrogen via proton-transfer from water or recombination with H þ complicates the assessment of its biological significance for radiation damage [1] . To address these issues experimentally, a major focus has been to directly measure the binding energy of the hydrated electron via photoelectron spectroscopy, which is sensitive to the strength of the electron-water interaction. The reported vertical binding energies range from 0.5 to 2.5 eV for small anionic clusters and from 3.5 to 4.0 eV for electrons hydrated in large clusters or bulk material [1, 12] . Various experimental techniques have been employed to create a hydrated state in the laboratory: for example, using (i) multiple IR-UV photons to excite pure water to hydrated or prehydrated states [13] , (ii) solute-doped water to initiate hydration via charge transfer to the solvent (CTTS) [14, 15] , or (iii) electron attachment to small size-selected clusters [16] . In particular, for anionic water clusters, a large number of experiments on the hydrated electron have been performed revealing a rich structure of binding motifs or isomers for small cluster sizes [16] [17] [18] [19] . In addition, timeresolved measurements have been performed to study excitation [20] , charge transfer [21, 22] , and prehydration [13, 23, 24] dynamics in various water systems. So far, the methods to study electron hydration have suffered from complex schemes (e.g., charge transfer to solvent, multiphoton ionization, anionic clusters), which complicate the understanding of the underlying mechanism.
In contrast, here, we use femtosecond extreme ultraviolet (XUV) free electron laser (FEL) radiation to directly study the hydration process. The XUV pulse initially ionizes the water clusters resulting in the creation of low-kineticenergy electrons. Through elastic and inelastic scattering, some of the electrons are trapped within the cluster forming bound, hydrated states. With a second UV pulse, we probe the process in time recording the resulting electron kinetic energy distribution. The process is schematically shown in Fig. 1 . From this, we map out the hydration process in time and determine the formation as well as decay times in the low picosecond range and simultaneously observe the formation of free, excited hydrogen atoms as a fast, dominant radiation product. Comparison with experiments on deuterated water (D 2 O), ammonia (NH 3 ), and methanol (MeOH) clusters aids in the interpretation [25] . The experimental proof that a hydrated electron can be created directly via radiation is an important step in understanding most ionization-induced processes in aqueous solutions.
The experiment was performed at the Low Density Matter end station [29] at the seeded FEL, FERMI, in Trieste, Italy. The FEL photon energy, primarily set to hν ¼ 24.0 eV, was tuned via the seed laser and by setting the undulator gaps, and other machine parameters, according to predefined values with a pulse length of approximately 100 fs FWHM [30, 31] . The FEL pulse energy at the setup, approximately 70 μJ with a spot size of 20 μm FWHM, is calculated from the value measured upstream on a shot-by-shot basis by gas ionization and the nominal reflectivity of the optical elements in the beam transport system. The UV pulse is produced from a frequency-tripled Ti:sapphire laser (hν ¼ 4.75 eV) with a pulse energy of about 45 μJ and a spot size of 80 μm FWHM. The temporal resolution between the two pulses was about 150 fs. A supersonic gas jet of water clusters is produced by expansion of heated liquid water through a home-built, pulsed nozzle. By varying the temperature of the liquid water sample, we can control the mean cluster size in the range of 10 1 -10 3 water molecules. For this experiment, a mean cluster size of 250 molecules was chosen to optimize signal intensity. The cluster beam was perpendicularly crossed by the FEL/UV beam at the center of a velocity map imaging spectrometer in combination with an ion time-of-flight mass spectrometer [29] schematically shown in Fig. 1 . The kinetic energy distributions were reconstructed using the Maximum Entropy Legendre Reconstruction method [32] .
As a first step, we address the UV (hν ¼ 4.75 eV)-ionized photoelectron spectrum, which was extracted by subtracting an XUVonly (hν ¼ 24.0 eV) spectrum from an XUV þ UV spectrum for each pump-probe delay step. The XUV þ UV and XUV only spectra along with the subtraction method are given in the Supplemental Material [25] . To ensure the UV-ionized spectra were independent of the XUV FEL photon energy, the photon energy was tuned over a wide range (hν ¼ 19.2-33.7 eV). Additionally, the FEL pulse energy was varied from approximately 2 to 70 μJ to confirm the power dependence was linear for both XUV-ionized and UV-ionized electrons [25] . The UVionized electrons also showed a linear power dependence with respect to the UV laser power. Plotted in Fig. 2 is the UV-ionized photoelectron spectrum as a function of the vertical binding energy. For all figures, vertical electronic transitions were assumed. The pump-probe delay was 20 ps, which corresponds to a time where all measured fast dynamics have subsided. The spectra were fitted with a multi-Gaussian function to better understand the distribution. The first striking feature in the spectrum is the pair of sharp peaks at 1.5 AE 0.05 and 3.5 AE 0.05 eV which have a full width at half maximum (FWHM) of 0.3 AE 0.05 eV. The width of these contributions is mainly due to the instrumental broadening of the spectrometer. This clearly points towards atomic states that are not affected by the cluster environment and, indeed, the corresponding binding energies match excited states of atomic hydrogen which are marked in blue in Fig. 2 . The distributions were additionally confirmed by comparison to other hydrogen-bonded clusters, NH 3 and MeOH [25] . Additional atomic features were not observed at least within the experimental resolution. Furthermore, the positions and widths of these distributions do not change with respect to the molecule and experimental variables (FEL photon energy, FEL pulse energy, and cluster size). As such, these parameters were constrained in the Gaussian fit function allowing for a more precise fitting of additional, overlapping peaks in the spectra. The next prominent feature in Fig. 2 is the broad peak to the right of the H Ã ðn ¼ 2Þ photoelectrons, centered at 3.9 AE 0.15 eV with a FWHM of about 0.9 AE 0.15 eV. By comparison with the well-known energies of hydrated electronic states [1] , we assign this distribution to electrons hydrated inside the water clusters, labeled e − aq in Fig. 2 . Note that for NH 3 and MeOH a distribution was not observed at this vertical binding energy, further confirming that it is due to the hydrated electron in water clusters [25] . In terms of the binding energy, there are slight discrepancies with respect to previous work on anionic clusters; however, taking into consideration the influence of the charge state, our results still fit well in terms of both the energy and width of the distribution. In general, the binding energies of the hydrated electron are dependent on the location, and the conventional understanding is that surface-bound hydrated electrons have a lower binding energy compared to internally bound hydrated states [18] . The broad gray peaks at 1.7 and 2.6 eV could possibly fit to additional binding motifs such as the surface-bound hydrated electron. However, in this region, the assignment is more ambiguous due to the contributions of the higher excited hydrogen states; thus we do not quantify this further. As an important difference with respect to the previous results on anionic clusters [1] , we cannot confirm a significant shift in VBE for the hydrated electron as a function of cluster size in the range of hni ¼ 250 to hni ¼ 2200 molecules [25] . This can possibly be explained by the method in which the hydrated electrons are created. For anionic clusters, electrons are first associated with neutral clusters, then experimentally size selected. On the other hand, for the current work, the formation of the hydrated state is determined by the capability of the water cluster to initially capture the electron, which is dependent on the geometrical size of the cluster and, thereby, favorable to larger clusters.
The top panel of Fig. 2 shows the anisotropy parameter β, which represents the angular distribution of the emitted electrons [33] . For lower binding energies (VBE ≤ 2.5 eV), in the vicinity of the higher-lying excited atomic hydrogen states ½H Ã ðn ≥ 3Þ, the distributions are highly anisotropic with a β parameter close to 2. This indicates the distributions originate from atomic states detached from the water cluster. On the other hand, in the vicinity of the hydrated electron peak, the β parameter is nearly isotropic (β ≈ 0.2), similar to previous studies on electron hydration in liquid water [34] . This gives further evidence of our observation of a hydrated electron. More than likely, the anisotropy of the H Ã ðn ¼ 2Þ state is washed out by the isotropy of the hydrated electron peak. This interpretation is corroborated by the results of other hydrogen-bonded clusters (NH 3 and MeOH) where all H Ã states show a anistropic distribution of β ≈ 2 [25] .
To better understand how FEL radiation can efficiently hydrate electrons, one can turn to recent theoretical results on intense, x-ray absorption in hydrogen-bonded clusters for a viable explanation [35] . When atomic clusters are irradiated with intense, energetic light, the clusters become highly ionized leading to Coulomb explosion. On the other hand, the presence of hydrogen leads to completely different effects where the free electrons migrate to the bulk of the cluster and the protons are efficiently ejected resulting in the cluster remaining intact and in a low charge state. The collective result of these effects is ideal for creating a suitable environment for electron hydration. Additionally, it helps to explain the large presence of excited hydrogen that we observe.
Let us now turn to the dynamics of the individual processes. In Fig. 3 , plotted as a function of the pumpprobe delay are the evolution of the VBE in the top panel and the electron yields from the area of the Gaussian fits from Fig. 2 in the lower panel. The hydrated electron forms with an exponential rise time of τ 1 ¼ ð1.3 AE 0.5Þ ps and has a partial decay afterwards with a time constant τ 2 ¼ ð4.5 AE 0.6Þ ps. Since the hydrated electron is expected to have a lifetime that depends on the availability of partners for secondary processes, we attribute this decay to the recombination with excess protons created via photodissociation of water molecules. This assumption is backed by the biexponential rise time of the excited hydrogen peaks involving two different time constants. The first rise is τ 1 ¼ ð0.2 AE 0.2Þ ps, which is significantly faster than the formation of the hydrated electron and is only slightly above the temporal resolution of our experiment (≈150 fs). This corresponds to excited hydrogen atoms which are created from immediate recombination of thermalized electrons with ejected protons created by the XUV pulse. The second time constant is τ 2 ¼ ð4.5 AE 0.6Þ ps, which is compatible with the decay constant of the hydrated electron and therefore agrees with the interpretation of these excited hydrogen atoms being created via recombination of hydrated electrons with protons inside the cluster. After formation and initial recombination, the remaining free electrons enter a longlived bound state, the hydrated state. The formation dynamics of the excited hydrogen additionally gives information on how such a state is formed. It is known that the formation of excited hydrogen is a major decay channel of the hydrated electron in the vicinity of free protons [1] . Our time-resolved results clearly show that the formation of excited hydrogen can be a dominant initial process when irradiating water clusters with intense XUV light. In general, there are three ways to create excited hydrogen atoms with XUV radiation. The first option is dissociative photoexcitation of H 2 O into OH and H Ã ðn ¼ 2Þ which has been reported for molecular water [36] , but this is only a minor contribution in our experiment due to the low cross section [37] . A second option is the direct recombination of quasi-free electrons with H þ after photodissociation of H 2 O into OH − and H þ . A third option would be the recombination of a hydrated electron with excess H þ cations created by (dissociative) multiple ionization events taking place in the same water cluster. One can distinguish between the second and the third option through their time dependence, since the formation of a fully hydrated state requires more time because it involves molecular rearrangement. We find formation times of hundreds of femtoseconds (fs) for the second process and a picosecond (ps) timescale for the third process, which is delayed by the electron hydration with a time constant of 1.3 ps. These findings correspond well to previous studies using transient-absorption spectroscopy [13, 38] .
In conclusion, we have observed, in real-time, the electron hydration process using the XUV pump-UV probe technique. We determined a formation time of τ 1 ¼ ð1.3 AE 0.5Þ ps and see a recombination with free protons on a timescale of τ 2 ¼ ð4.5 AE 0.6Þ ps. This is the first time that the direct formation of the hydrated electron after single-photon ionization of water has been monitored. In particular, the results suggest that the proton concentration has a significant impact on the lifetime and reaction products of the hydrated electron. The possibility to create hydrated electrons with an XUV laser opens new perspectives for a number of important, future experiments. Additionally, we identify the formation of excited hydrogen produced via electron-proton recombination as a dominant, fast channel. The abundant formation of excited hydrogen also occurs in ammonia and methanol and appears to be universal. 
